I
t is well known that environmental heavy metal pollution causes numerous alterations in water organisms (Wendelaar Bonga and Lock, 1992; Dang et al., 1999; de la Torre et al., 2000; Fossi et al., 2002; de Oliveira Ribeiro et al., 2002; Kilemade et al., 2002; Stentiford et al., 2003) . In particular, heavy metals represent a risk because they persist in the environment and accumulate in biological tissues. The assessment of their effects is difficult because there are numerous interactions between metals and endogenous substances. In the end, these interactions have consequences not only on the organisms but also on the whole ecosystem. So it is very important, in order to assess the environment risk for these pollutants, to take into account not only physical and chemical parameters but also biochemical, physiological and histo-cytopathological parameters.
Fish are often considered as a useful tool for this kind of research because they can be considered as the end point of the trophic chain in their environment (van der Oost et al., 2003) ; in particular, the use of cytological biomarkers for monitoring the marine coastal environment has been recommended (Au, 2004) . Cell death and proliferation have been also proposed as biomarkers (Ortego et al., 1995; Piechotta et al., 1997) and their distribution patterns seem to be related to environmental heavy metal toxicity (Waalkes et al., 2000) . Alterations of epithelial renewal were observed in various fish organs such as branchial epithelium (Ferrando et al., 2005a; Mauceri et al., 2005) , skin (Kilemade et al., 2002) , gonads (Lyons et al., 2004) and liver (Piechotta et al., 1997; Feng et al., 2003; Risso-de Faverney et al., 2004) . In mammals, it has been demonstrated that the intestinal epithelium, normally renewed by regular processes of proliferation and apoptosis (Stroband and Debets, 1978) , can be affected by radiation, disease or exposure to toxi-
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In the present paper, the effect of natural environment nonlethal heavy metal concentration on cell renewal of Liza aurata intestinal epithelium, was studied by the TUNEL (terminal deoxynucleotidyltransferase-mediated dUTP nick end labelling) method and anti-PCNA (proliferating cell nuclear antigen) immunohistochemistry, in order to detect, respectively, apoptosis and cell proliferation. In addition, the presence and distribution of the cell renewal regulator, serotonin, was immunohistochemically investigated. In order to reduce variability, only immature specimens were considered. The results indicated that in the control specimens from non-polluted areas, the PCNA immunoreactive nuclei of the proximal intestinal epithelium were only located at the bottom of the intestinal folds, together with a few TUNEL-positive nuclei, and goblet mucous differentiated cells. In the specimens from polluted areas, the number of PCNA immunoreactive cells was greatly enhanced, and they extended along the mid portion of the intestinal folds; the number of TUNEL-positive nuclei was enhanced as well, but they were almost exclusively detected in the third apical portion of the intestinal folds. Serotonin immunoreactive nerve elements were more frequently detected in the intestinal wall of L. aurata specimens from polluted areas, and besides that, some serotonin immunoreactive endocrine cells were also present. Variations in distribution and frequency of TUNEL-positive nuclei, PCNA immunoreactive nuclei, and serotonin immunoreactivity put in evidence an alteration of cell renewal with an enhancement of cell proliferation, probably leading to morphological intestinal fold changes.
cants (Radecki et al., 1992; Potten & Booth, 1997; Waalkes et al., 2000) ; in fish, intestinal epithelial cell renewal seems to be affected by Cu-and Cdexperimentally contaminated food (Lundebye et al., 1999; Berntssen et al., 2001) .
In this study, we wanted to assess the effects of environmental heavy metal pollution on the renewal of the fish intestinal epithelium and to relate this aspect with the presence and distribution of serotonin immunoreactivity (ir). From literature, it is known that serotonin (5-hydroxytryptammine, 5-HT) modulates cell renewal in different tissues, and in particular, proliferation, migration and maturation in a variety of cell types (Azmitia, 2001) . Furthermore, it is known that the exposure to heavy metals can affect the presence of 5-HT ir in the tissue of different invertebrates (Salánki and Hiripi, 1990; Almeida et al., 2003) , and vertebrates (Antonio et al., 2002; Lafuente et al., 2003) , including fish (Franchini et al., 1999; Rademacher et al., 2003) . Cell proliferation was detected through proliferating cell nuclear antigen (PCNA) immunolabelling and apoptosis through the TUNEL method. PCNA is a highly conserved molecule, essential for the synthesis of DNA in the S-phase of the cell cycle; PCNA immunodetection is commonly used as a marker of cell proliferation, although this antigen can be found in the cells along the G1-G2 phase, albeit at low concentration (Suzuki et al., 1992) . The TUNEL method is generally indicative of cell apoptosis, but it can be more properly related to the late phase of this process; early apoptotic cells are TUNEL negative as are necrotic cells.
The species L. aurata is particularly suitable for this study for its feeding habits (benthic organisms and detritus) (Ben-Tuvia et al., 1986) favouring bio-accumulation. Specimens were sampled from the brackish waters of Lake Faro and Lake Ganzirri (Capo Peloro, Messina, Italy), where the presence of heavy metals was previously characterized (Giacobbe et al., 1996; Munaò et al., 2000; Mauceri et al., 2002) .These two lakes show different concentrations of heavy metals; in particular, in Lake Faro, Pb levels five time higher than those in Lake Ganzirri have been detected (Munaò et al., 2000) . The levels of Pb, Cd and Hg in the gills and kidney of L. aurata collected from these two lakes were also determined, and a level of Pb, higher than that detected in non-polluted fish, was found (Mauceri et al., 2005) . Furthermore, more important histopathological gut modifications were observed in fish from Lake Ganzirri (Ferrando et al. 2005b) .
As a reference site, the protected area of Lake Verde in Marinello Lagoons (Regione Sicilia, Assessorato Territorio e Ambiente, 2002) was chosen. In order to diminish the variability due to sex gender or to a particular phase of the reproductive cycle, only immature specimens were considered. The widespread distribution of L. aurata and its resistance to different environmental conditions make it a good candidate as a biomarker model, especially for chronic toxicant exposure. The impairment of cell renewal observed in our specimens from polluted areas could be the principal cause of the morphological alterations of the gut mucosa previously observed in L. aurata from the same environment (Ferrando et al., 2005a) .
Materials and Methods
A total of forty four immature specimens (length 18-20 cm) of the golden grey mullet L. aurata (Order: Perciformes; Family: Mugilidae), 9 from Lake Verde, 15 from Lake Faro and 20 from Lake Ganzirri (Messina, Italy), were collected during the spring and autumn of 2001, 2002 and 2003. Lake Faro and Lake Ganzirri (Capo Peloro, Messina, Italy) were previously studied for their chemical content, and they are considered as high polluted environments, in particular for the presence of elevated concentrations of heavy metals (Giacobbe et al.,1996; Munaò et al., 2000; Mauceri et al., 2002) . Brackish Lake Faro is characterized by the presence of hydrogen sulphide, many photosynthetic sulphur microrganisms and the following concentrations of metals: Al 36.56 µg/L; Fe 20.7µg/L; Cd 48.4 µg/L; Pb 5.2 µg/L, Hg 55.5 µg/L; during summer, the water temperature at the interface can rise to 29°C while at a depth of 20 m the water temperature is 19°C.
Brackish Lake Ganzirri is only 7 meters deep, characterized by the following concentrations of heavy metals: Al 21.6 µg/L; Fe 74.7 µg/L; Cd 68.4 µg/L, Pb 1.2 µg/L; Hg 32.5 µg/L; during summer the water temperature can rise to 29.8°C (Munaò et al., 2000) .
Lake Verde (Marinello) is routinely monitored as a protect area of the Regione Sicilia (Regione Sicilia, Assessorato Territorio e Ambiente, 2002) and it has been considered as reference site. Fish were anesthetized with 0.01% MS Sandoz 222 (tricainemethanesulfonate; Argent, Redmond, WA, USA; dilution 1:1000) before being killed and dissected to collect gut samples. They were fixed in 4% paraformaldehyde in 0.1 M phosphate buffered solution (pH 7.4) at 4°C and Paraplast (BioOptica, Italy) embedded.
The proximal portion of the intestine near the openings of the pyloric ceca was transversally sectioned and 1/4 of the whole mucosal circumference (about 10 folds) was used as a length unit for our observations.
Groups of four serial sections (5 µm thick) were either stained for histological observations by Haematoxylin-Eosin (Bioptica, Italy), treated for apoptosis and proliferation detection, or for serotonin immunostaining. Apoptosis was assessed on the evidence of morphological characteristics, such as cell shrinkage, chromatin condensation with DAPI staining, as well as by a fluorescein-conjugated TUNEL method (terminal deoxynucleotidyltransferase-mediated dUTP nick end labelling, Roche, F). Proliferation was immunodetected by a rabbit anti-proliferating cell nuclear antigen (PCNA) polyclonal antiserum (1:200 in PBS, Santacruz Biotechnology, USA). PCNA is a nuclear antigen whose expression increases during S phase. For proliferative cell counting, only the strongly immunostained nuclei were considered. Serotonin ir was assessed using a rabbit polyclonal serotonin antiserum (prediluted, Biomeda, USA). As secondary antisera, either FITC-conjugated (1:400 in PBS, DAKO, DK), Alexafluor 488 or Alexafluor 594-conjugated anti-rabbit (1:800 in PBS, Molecular Probes, NL) antisera were used. For fluorescence observations, nuclear DAPI counterstaining (1:1000, Molecular Probes, NL) was carried out.
Sections were examined under a BX60 Olympus microscope (light and epi-fluorescence microscope), visualized through the Color-View Camera (Olympus, Japan). The images were acquired and analysed through the software AnalySIS (Soft Imaging System, USA).TUNEL method and PCNA immunodetection were also performed on the same section using the red Alexafluor 594-conjugated anti-rabbit antiserum. The overlapping of TUNEL and PCNA positivity were obtained using Adobe Photoshop CS software. The specificity of the immunoreaction was controlled by substitution of the primary antiserum with PBS or replacement of the primary antiserum with non-immune rabbit serum diluted 1:200.
In order to score the number of the different positive cells and their distribution along the folds, 1/4 of the whole surface of the gut transversal sections (28-30 mm epithelium surface) was considered. All measurements and the counting of the various cell types were done using the ImageJ software (Rasband, 2005) and repeated for three transverse sections of the analysed specimens. All data are expressed as means ± SD.
Results
Histomorphology -The histomorphological appearance of the L. aurata intestinal wall was previously described (Ferrando et al., 2005b) . The morphology of the intestinal folds varied according to the lake they came from and to its degree of pollution: in the control specimens, folds appeared as fingershaped villi (Figure 1a ), but in the specimens from the polluted lakes, most of the folds looked like long extended lamellar ridges, with a flattened apex.The intestinal folds were lined by a columnar absorptive epithelium characterized by intercalating mucous goblet cells. No morphologically-distinct proliferative units were detected. The bottom of the folds in the immature specimens was constituted by nondifferentiated cells with a few mucous goblet cells. In samples from the Faro and Ganzirri Lakes, the intestinal wall showed dilated blood vessels and numerous eosin-stained granulocytes in the lamina propria. The most numerous goblets cells were observed in Lake Faro samples. Mitosis was rarely detected.
Apoptosis detection -In the control fish intestinal epithelium, very few TUNEL-positive elements were detected; it was estimated that about one apoptotic cell is seen in every fifth histological longitudinal crypt section (equivalent to less than 1% of the crypt cell number); they were almost exclusively located at the bottom of the folds ( Figure  1b) . In the Lake Ganzirri specimens, TUNEL-positive nuclei were instead present at the apex (Figure  1c) , or along the side of the third apical portion of the intestinal folds; this distribution and the frequency of the TUNEL-positive nuclei can be better observed in the fold transverse sections ( Figure  1d ). More numerous TUNEL-positive nuclei were detected in the intestinal mucosa from Lake Faro specimens; most of them were located at the apical third of the villi (Figure 1e ), but they were also present along the side of the fold (Figure 1f ) or, rarely, at its base.The characteristic morphology of the late apoptotic process was confirmed by the DAPI staining showing the typical nuclear fragmentation as well as autofluorescent material (Figure 2a-b) . It was impossible to identify the apoptotic cell types since they were in the terminal phase of this process. The apoptotic nuclei, like those observed in mammalian intestinal epithelium, were located in the apical epithelial portion. Eosinophilic cells in the lamina propria showed intense aspecific fluorescence.
PCNA immunohistochemistry -In the control fish intestinal epithelium, PCNA ir was present at the basal portion of the intestinal fold. Two differently immunostained nuclei were observed: most of them were intensely stained and were located only at the bottom of the folds sometimes intermingled with a few differentiated cells. In the longitudinally sectioned folds, 7±1 strongly immunostained nuclei per half fold were detected; the faintly immunostained nuclei were spread out toward the apical portions along the longitudinal axis of the folds (8±1 faintly immunostained nuclei per each half fold) (Figure 2c ). The faintly immunostained nuclei seem to belong to absorptive and goblet cells. Double staining TUNEL and anti-PCNA put in evidence that the few TUNEL-positive nuclei at the base of the fold seem to be PCNA immunoreactive (Figure 2d ). No immunopositive nuclei were found in the other parts of the folds. In the specimens from Lake Ganzirri and Lake Faro, numerous PCNA immunoreactive nuclei were seen. The strongly immunostained nuclei were located at the bottom and along the side of the basal portion of the folds, spreading to its middle portion longitudinal axis (Figure 2e ). In the longitudinally sectioned folds, 20±3 strongly immunostained nuclei per half fold were detected; in some folds the immunopositive nuclei are arranged to form a stratified epithelium; the base of the folds loses its architectural organization appearing hyperplastic, as observed in a few specimens from Lake Ganzirri (Figure 2f ). The faintly immunostained nuclei are positioned along the long axis of the folds reaching to its mid portion. The strongly immunostained cells do not seem to show any kind of histo-differentiation.
Serotonin immunohistochemistry -In the control fish intestinal wall, serotonin ir was detected in nerve elements only. Scarce serotonin immunoreactive varicose nerve fibres were observed in the lamina propria, beneath the intestinal epithelium, while more numerous immunoreactive fibres were found in the myenteric plexus, where immunoreactive neuronal cell bodies were also present (Figure 3a) . No serotonin immunoreactive endocrine cells were present in the proximal intestinal portion.
In specimens from Lake Ganzirri and Lake Faro, numerous serotonin immunoreactive fibres were seen along the lamina propria, underlining the epithelium of the folds, particularly at its basal portion (Figure 3b) , and in the myenteric plexus, characterized by strongly immmunostained neuronal cell bodies (Figure 3c ). Furthermore, it was also possible to put in evidence some serotonin immunoreactive open type endocrine cells in the epithelium at the base of the intestinal folds ( Figure  3d ). No differences were observed in fish from the two polluted lakes. The specificity controls gave negative results.
Discussion
The present study puts into evidence that heavy metal pollution in a natural environment, even if at a non-lethal level, can cause an enhancement in cell proliferation and apoptosis which affects cell renewal and intestinal fold morphology, and alters the serotonin ir distribution pattern in immature specimens of L. aurata.
Previous studies have described epithelial cell renewal within the intestine of adult and larval teleosts (Rombout et al., 1984; Stroband and Debets, 1978; Wallace et al., 2005) , showing a compartment of proliferating epithelial cells at the base of the intestinal folds. In our control specimens, this compartment is not morphologically differentiated, being more similar to the organization of the mammalian embryonic intestine (Korinek et al., 1998) . Proliferating cells, detected as strongly immunostained PCNA nuclei, which are considered to be in the S-phase of the cycle, are intermingled with few differentiated goblet mucous cells. The presence of differentiated cells in the proliferative compartment supports the idea that at least some of the cells can begin differentiation without migrating upward the folds. The hypothesis that a differentiated cell can maintain for a short period the capacity of dividing as suggested by Wallace et al., (2005) in zebrafish and by Rombout et al., (1984) and Stroband and Debets (1978) in other cyprinid fish, does not seem to be supported by our control specimens where differentiated cells (mucous or absorptive), wherever located, never showed strongly immunostained PCNA nuclei. The faint immunostained PCNA nuclei are generally considered to be in the late G1 or G2 phase of the cell cycle; in our samples they are probably better considered as belonging to a G1 phase of the next cell cycle, since they were located upward the intestinal folds, and seemed to be already histo-differentiated.
As found in mammals, very few TUNEL-positive cells were detected in the control specimens, and they were located in the proliferative compartment only. Apoptosis should be considered as a normal process by which cell population dynamics are correctly maintained (Waalkes et al., 2000) .The presence of a few TUNEL-positive nuclei among proliferative cells, their lacking at the tip of the intestinal folds, and in particular, the finding of both TUNEL-positive and PCNA immunostained nuclei, suggests that, as in mammals, the control of cellular population dynamics in the L. aurata intestinal epithelium is located at the base of the folds, regulating proliferating cell number instead of differentiated non proliferating cells.
A more extensive proliferative compartment is
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Original Paper found in the intestinal mucosa from polluted L. aurata specimens, as found in the gut of Atlantic salmon, following toxic levels of dietary heavy metal exposure (Lundebye et al., 1999; Berntssen et al., 2001; , or in some other organs, more commonly used for heavy metal pollution assessment (Piechotta et al., 1997; Kilemade et al., 2002; Feng et al., 2003; Lyons et al., 2004; Rissode Faverney et al., 2004; Mauceri et al. 2005) .The increase of proliferative cells in adverse conditions allows us to hypothesize that a larger number of potential stem cells can begin to work, out of necessity, as found in mammals (Potten and Booth, 1997) . Our results demonstrated that, not only is there an increase in the number of the S phase cells (strongly PCNA immunostained nuclei) spreading along the intestinal fold till its mid portion, but also of the G2/G1 phase cells (less immunostained PCNA nuclei) suggesting more rapid cell cycles. Furthermore, no differentiated cells are detected in the proliferative compartment that appeared as a hyperplastic zone in fishes from Lake Ganzirri where a higher concentration of iron and cadmium have been demonstrated (Giacobbe et al., 1996; Munaò et al., 2000; Mauceri et al., 2002) . The number of TUNEL-positive apoptotic nuclei increases in polluted fishes, but they are located among the differentiated cells and never, or very rarely, can be observed in the proliferative compartment. Apoptotic nuclei are found in the apical third of the intestinal folds, and their frequency of detection suggests a more elevated intestinal damage in samples from Lake Faro; they are more affected by pollution exposure, than those from Lake Ganzirri (Ferrando et al., 2005b) ; similar results were obtained with alcianophilic mucous cells, indicative of the presence of irritant substances (Sanchez et al., 1997 , Ferrando et al., 2005b . These discrepancies in the specimens from the two polluted environments may be related to differences in heavy metal concentrations: in Lake Faro, a higher level of Hg and Pb while in Lake Ganzirri, a higher concentration of Fe and Cd were detected. In any event, the more numerous proliferative cells versus apoptotic cells might be related to the immature stage of the specimens considered; juveniles are probably more responsive to heavy metal pollution. At present, little information is available about non-lethal heavy metal pollution in natural environments on proliferation and/or apoptotic responses in fish. The impairment of epithelial cell renewal caused by unbalanced cell proliferation and apoptosis could lead to changes of the intestinal fold shape, with reduction of epithelial surface, as previously observed; these morphological modifications are particularly demonstrable in fishes from Lake Ganzirri (Ferrando et al., 2005b) . The damage produced by heavy metal exposure is mainly due to oxidative stress (Berntssen et al., 2003; Elia et al., 2003; Erikson et al., 2004; Galhardi et al., 2004; Krumschnabel & Nawaz, 2004; Oakes et al., 2004; Risso-de Faverney et al., 2004) and, as a matter of fact, many of the TUNEL-positive cells in our samples show accumulation of autofluorescent substances that could be interpreted as stress pigment in lysosomes (Lawrence et al., 2003) .
Serotonin is an evolutionarily conserved neurotransmitter found in both invertebrates and vertebrates, and involved in different physiological and behavioural roles. In the gut, it plays different roles, regulating blood flow, secretion and motility (Olson and Holmgren, 2001 ).
Serotonin ir is commonly immunodetected in the gut wall of bony fish, being located, as in L. aurata control specimens, in nervous elements only: neuronal cell bodies, myenteric plexus, and nerve fibres throughout the wall. The frequency and the distribution pattern of these serotonin immunoreactive elements varied according to the provenience site considered. In particular, in fish from polluted lakes, the serotonin immunoreactive neuronal cell bodies were detected more frequently, and furthermore, few serotonin immunoreactive endocrine cells appeared at the base of the intestinal folds. The increase of serotonin ir in the samples from Lake Faro and Ganzirri compared to the control, and the appearance of serotonin immunoreactive endocrine cells at the base of intestinal folds may be related to the impairment of intestinal epithelium renewal and might be consequent to heavy metal exposure. Recently, serotonin also has been shown to play a role in cell proliferation and apoptosis through two of its receptor subtypes: the 5-HT1A and the 5-HT2A subtypes. In particular, the 5-HT1A receptor promotes differentiation by enhancement and stabilization of the cytoskeleton, while the 5-HT2A receptor is involved in cell proliferation (Azmitia, 2001) . The presence of 5-HT2 receptors in crypt cells of mammals is well documented (FioricaHowells et al., 2002) , as is its role as a growth and/or survival factor. At present, there are no data about the presence of serotonin receptors in fish.
Taken together, these observations suggest that the effects of heavy metal exposure on 5-HT distribution, as documented in different organisms (Salánki & Hiripi, 1990; Franchini et al., 1999; Antonio et al., 2002; Lafuente et al.2003; Rademacher et al., 2003; Almeida et al., 2003) , could be implicated in the adaptive responses of intestinal epithelium of fish, leading to an increase in cell proliferation and apoptosis with morphological alteration of intestinal fold shape.
Care in data interpretation is required, however, since other environmental factors might be involved, and, additional research is necessary to understand the effect of each heavy metal found in various concentrations in the natural environments. Subsequently, statistical analysis should be performed in order to put in evidence the significance of the presented results. Thus, considerable further work and validation are required, but, nevertheless, this study points out that it is possible to detect gut morphophysiological alterations in fish from mild polluted environments.
